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Abstract 

In the recent literature, constraints on the CKM angle 7 arising from the branch- 
ing ratios for — ► tt^K and B^ — > tt^K^ decays received a lot of attention. An 
important theoretical limitation of the accuracy of these bounds is due to rescat- 
tering effects, such as B + — > {ir°K + } — > ir + K°. We point out that these processes 
are related to penguin topologies with internal up quark exchanges and derive 
SU(2) isospin relations among the B + — ► ir + K° and B^ — ► ir~K + decay ampli- 
tudes by defining "tree" and "penguin" amplitudes in a proper way, allowing the 
derivation of generalized bounds on the CKM angle 7. We propose strategies to 
obtain insights into the dynamics of penguin processes with the help of the decays 
B u ,d — * KK and B^ — ► tt^K, derive a relation among the direct CP-violating 
asymmetries arising in these modes, and emphasize that rescattering effects can 
be included in the generalized bounds on 7 completely this way. Moreover, we 
have a brief look at the impact of new physics. 
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1 Introduction 



As was pointed out in (M-H, the decays B + — > tt + K°, B® — > tt~K + and their charge- 
conjugates may play an important role to determine the angle 7 of the usual non-squashed 
unitarity triangle [|J of the Cabibbo-Kobayashi-Maskawa matrix (CKM matrix) [|5| at 
future P-factories (BaBar, BELLE, CLEO III; interesting feasibility studies can be found 
in H H 0). The corresponding decay amplitudes can be expressed as 

A(B + - n+ K°) = PW + c d P E ^ C + A« (1) 

a(p° - 7r-ir + ) = - [(pw + Cu p E f ) + r«] , (2) 

where P^, V {s) denote QCD penguin amplitudes, Pew"\ Pew correspond to "colour- 
suppressed" electroweak penguin contributions, is due to annihilation processes, and 
is usually referred to as a "colour-allowed" b — > wus "tree" amplitude. The label s 
reminds us that we are dealing with b — > s modes, the minus sign in (|2|) is due to our 
definition of meson states, and c u = +2/3 and c& = —1/3 are the up- and down-type 
quark charges, respectively. 

The CLEO collaboration has recently reported the first results for the combined, 
i.e. averaged over decay and charge-conjugate, branching ratios BR(P ± —>■ ir ± K) and 
BR(B d -> 7T T K ± ) @. These quantities may lead to interesting constraints on the CKM 
angle 7, if their ratio 

= BR(B d -> tt^) 

_ BR(P± -> tt±K) 1 J 

is found experimentally to be smaller than 1 0. Since the present CLEO data give 
R = 0.65 ± 0.40, this may indeed be the case. The bounds on 7 obtained in this manner 
turn out to be complementary to the present range for this angle arising from the usual 
fits of the unitarity triangle (for a review, see for instance 0), and are hence of particular 
phenomenological interest. A detailed analysis of the implications of these bounds for 
the determination of the unitarity triangle has been performed in |10| . 



An important limitation of the theoretical accuracy of the "naive" bounds on 7 de- 
rived in - besides the "colour-suppressed" electroweak penguin contributions - is due 
to rescattering processes of the kind B + — > {tt°K + , tt°K* + , p°K* + , ...}—> tt + K°, which 
have received a lot of attention in the recent literature \H — [J16| (for earlier references, 



see $J}). In this paper, we focus on these rescattering effects. Following closely |Lj 
we show in Section |3] that they are related to penguin topologies with internal up quark 
exchanges. Analogously, rescattering processes such as B + — ► {D°D+} — > tt + K can be 
regarded as long-distance contributions to penguins with internal charm quarks, which 



also received considerable interest in the recent literature ||18||— pi . 

Our paper is organized as follows: in Section 2, we discuss the penguin topologies 
in general terms. In particular, we establish the relation between the penguin diagram 
pictures used by CP practitioners and the formal operator method. Here we also recall 
useful expressions for the b — * s and b — ► d penguin amplitudes. In Section KL we derive 
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a simple isospin relation between the — > 7r =l= ^" and 1?^ — > Tr^i^ 111 decay amplitudes by 
defining the "tree" and "penguin" amplitudes in a proper way, and address the question 
of rescattering effects in penguin- induced B decays. These isospin relations play a key 
role to probe 7 and allow the derivation of generalized bounds on this CKM angle. In 
Section [|, we point out that decays of the type B u d — > KK play an important role 
to obtain insights into rescattering processes and the dynamics of penguin topologies. 
Using their combined branching ratios and BR(5 ± — ► tt^K), interesting relations and 
bounds can be derived, including a relation between the direct CP- violating asymmetries 
arising in these modes. Moreover, it is even possible to take into account the rescattering 
effects completely in the generalized bounds on 7 by following these lines. After a brief 
look at the impact of new-physics contributions to B^-B^ mixing in Section |5|, we collect 
our conclusions in Section ||. Technical details related to the isospin structure of the 
relevant amplitudes are relegated to an appendix. 



2 Penguin Topologies 

In many phenomenological analyses of B decays in the literature, it is customary to 
represent penguin contributions by penguin diagrams with explicit W , t, c and u ex- 
changes, as shown in Fig. 1 (a). On the other hand, the proper treatment of B decays 
at scales 0{m^) is an effective five-quark field theory, which deals with local operators. 
Here W and t do not appear explicitly as dynamical fields and the local operators 
are built out of lighter flavours only. The effects of W ± and t are present only in the 
short-distance Wilson coefficients of these operators. 

The purpose of this section is to clarify the relation between these two approaches 
to describe B decays and in particular to state explicitly what is meant by the b — > s 
penguin amplitude in ([[]), and similarly by the b — > d penguin amplitude contributing 
to the decay B + — ► K + K°, which will play an important role in Section |4j. To this 
end, let us recall the effective Hamiltonian for AB = +1 decays by concentrating on the 
b — ► s penguin transitions. The b — > d case can be analysed in the same manner with 



the obvious replacement s — > d in the formulae given below. We have |£2 

Kff = 71 



i=3 



(4) 



where /1 is the renormalization scale 0(m b ), = V is V^, and 

Q\ = (c a S /3 ) V -A (bf3C a )v-A , Ql = (5s)v-A (&c) V -A (5) 

Ql = {u a Sp)v-A (&/3M a )v-A , Q2 = (««)v-A (Mv-A (6) 

Q3 = (fe)v-A J2 (99)v-a , Qa = (b a sp)v-A J2 i.Wo)\-A (7) 

q=u,d,s,c,b q=u,d,s,c,b 

Q5 = (bs)v-A J2 (vih+A , Q& = (b a sp) w _A (qpiah+A, (8) 

q=u,d,s,c,b q=u,d,s,c,b 
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Figure 1: Penguin diagrams in the full (a) and effective (b) theory. Qi,2 denotes operator 
insertions. 



with a and j3 denoting colour indices. Here Qi,2 are the current-current operators and 
the Qi (with i — 3, ... ,6) the QCD penguin operators. We do not show the electroweak 
penguin operators, which can be found for instance in ||. A discussion similar to the 
one presented below can also be made for the latter operators |15|]. Since quark charges 
enter in the electroweak penguin operators, they exhibit, however, a different isospin 
structure as the QCD penguin operators. 
The explicit derivation of 



It involves in 



can be found in an appendix of p2 | 
particular the matching of the full six-quark theory containing with the effective 
theory, in which and the top quark do not appear as dynamical fields: the operators 
Qi do not involve the top quark and are built out of u, c, d, s and b quarks only. 

Let us now see how the penguin diagrams with internal W , t, c and u exchanges, 
in Fig. 1 (a), are represented in the effective Hamiltonian (|j). The effect of the penguin 
diagrams with internal W ± and top quark exchanges is obviously represented by the last 
term: the coefficients C 3 _ 6 depend on x t = m^/M^, and this dependence is represented 
by the well-known Inami-Lim function E(x t ) |23|. On the other hand, there is no trace 
in of the penguin diagrams with internal W^, u and c exchanges. In particular, 
the coefficients do not carry any information on these penguin topologies. Indeed, 
as explicitly demonstrated in 
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the penguin diagrams with internal u and c quarks 
and with the W propagator have been cancelled in the process of matching by similar 
diagrams, where the W propagators have been replaced by local operators, as shown 
in Fig. 1 (b). Strictly speaking, there remains a renormalization scheme dependent 
constant, which is added with the help of the unitarity of the CKM matrix to the function 
E(xt) in C*3-_6- This constant is equal to —2/3 in the NDR scheme, and vanishes in the 
HV scheme p2] . A discussion of these features and applications to non-leptonic B decays 
can also be found in [p4j] . 

The fact that there is no trace of penguin diagrams with internal u and c quarks in 
(U) is consistent with the general structure of the operator product expansion combined 
with renormalization group methods. At scales \x\, = 0(rrib), the effect of quarks with 
rrii < fib is absent in the Wilson coefficients and can only be found in the matrix elements 
of the operators Qi. 



The b — > s QCD penguin amplitude P( s > contributing to B + 
posed as follows: 



7T + K° can be decom- 



pW = A«i>M + A«P« + \ { t s) P t (s) 



Analogously, the b 
be written as 



d QCD penguin amplitude P^ contributing to B 



(9) 

iT+Zo can 
(10) 



Note that similar expressions hold also for the electroweak penguin amplitudes. The 
strong amplitudes P^ and Pw (g g= {w, c, t}) in @ and (|10"D are related to each other 
by interchanging all d and s quarks, i.e. through the so-called U spin of the SU(3) flavour 
symmetry of strong interactions. Let us focus in the following discussion on the decay 
B + — > n + K°. In the formal operator language presented above, the meaning of Pff\ 



P,( s ) and P^ is simply as follows: 



PW = -g CxOi) (if°7r + |Q?( M )|P + ) P + CM {K°n + \Q u M\B + h 



pis) 



V2 
V2 



'C x {ji) (K% + \QM\B + ) P + CM (K°rc + \QM\B + ) P 



P 



G 



■4E^) (^°7T + |Q i (/i)|P + >. 
V ^ i=3 



(12) 



(13) 



Here (i^°7r + |(5i 2 |P + )p and {K°tt + \QI 2 |P + )p denote hadronic matrix elements with in- 
sertions of the current-current operators Qf 2 and Q\ 2 into penguin diagrams with in- 
ternal u and c quark exchanges. The importance of such diagrams in connection with 
certain strategies for CKM determinations has been pointed out for the first time in [ |T8|j . 
although such contributions have been considered already a long time ago in a differ- 
Recently the importance of (Q\ 2 )p, in particular in connection with 
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the CLEO data and the determination of the angle a through the CP asymmetry in 
Bd — > 7r + 7r~, has also been emphasized by the authors of [20|, who have named them 
"charming penguins" . 

Let us next observe that the matrix elements of the penguin operators Q3-6 do not 

(s) 

carry the subscript P. Indeed, what is meant by P t in the literature are hadronic matrix 
elements with insertions of the penguin operators not only into the penguin diagrams, 
but also into other topologies, in particular tree diagrams. 

At this point, it should be stressed that the current-current operators Q\ 2 and Q\ 2 
contribute to the mode B + — > tt + K° only through the penguin topologies discussed 
above, and through annihilation topologies. The latter, which will be discussed in more 
detail in the following section, are described by the amplitude in (]!]) and are only 
due to the Qi 2 operators [12]. Such annihilation processes are absent in the case of 
P° — > ir~K + . However, in contrast to B + — > tt + K°, this decay receives also contributions 
from hadronic matrix elements of the Q\ 2 operators with insertions into tree-diagram- 
like topologies, which are represented in (0) by the amplitude T^ s \ 
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We hope that this discussion shows the relation between the formal operator method 
and the more phenomenological picture used by CP asymmetry practitioners. Simulta- 
neously, this discussion demonstrates that attributing the usual Feynman diagrams with 
full W propagators and internal t, c and u quarks to Pf S \ Pjf* and P^ s \ respectively - 
although roughly correct - does not fully describe what happens at scales 0(m&) and 
may sometimes be confusing. 

Let us next have a closer look at the general structure of the b — > q (q G {s, d}) 
QCD penguin amplitudes P^ and P( d \ Employing the unitarity of the CKM matrix 
and making furthermore use of the Wolfenstein parametrization | 26|| , we arrive at 



A 2 A 



P (d) = A A 3 R t 
where the notation 



AP {s) 



1 



A 2 Rh 



A 2 /2 / 



P 



tu 



Rt 



tu 



p(i) — p(q) 

9192 9192 



P i5 nq 2 = P(?) — p(l) 
c — 1 9i 1 q 2 



has been introduced, and 



(14) 
(15) 
(16) 



ApW = AP {q) 



i5 M 

e ip 



pio) pii) — p(q) 



P 



(?) 



P^ — p^> 



(17) 



describes the contributions of penguins with up and charm quarks running as virtual 
particles in the loops. The present status of the relevant CKM factors in ( |14"D and (|I~5|) 
is given by 



A = ^\V A \ = 0.81 ±0.06, Rb = \ 



V, 



lib 



V, 



cb 



0.36 ±0.08, IL = 



Vt 



Id 



cb 



0(1), (18) 



where A = \V US \ = 0.22. Strategies to fix these parameters have recently been reviewed 
in0. 

At this point, it should be emphasized that whereas the P^ amplitudes are /i and 
renormalization scheme independent, this is not the case for the different contributions 
in (^j) and flTUp. This is evident, if one inspects equations (|TT|)-(|ilf). To this end, one can 
simply evaluate the penguin-like matrix elements of 2 m a perturbative framework 
to find that their \i dependences, related to the mixing between Q\ 2 and the penguin 
operators, cannot be cancelled by the /1 dependence of Ci )2 (/f). Similarly, the non- 
logarithmic terms in these matrix elements are renormalization scheme dependent, and 
this scheme dependence cannot be cancelled by the scheme dependence of C\^{\i)- On the 
other hand, P$ and AP^ are /1 independent and renormalization scheme independent, 



because these dependences cancel in (|I6"D. Consequently, AP( q > is a physical quantity 
and can therefore be determined experimentally, as we will see in Section |j. 

Formulae flH|) and ( [TS] ) can already be found in the literature jlS, |TP[. In the case 
of the P^ amplitude (]T^), we have kept terms of (9(A 4 ), which have been neglected in 



5 



these papers, and also in the bound on the CKM angle 7 derived in 0. The highly 
CKM-suppressed A 2 _R;,e 17 = 0(0.02) phase factor may lead to direct CP violation in 
the decay B + — > tt + K°. Model calculations performed at the perturbative quark level 
indicate that AP^ is not close to 1, i.e. that the large CKM suppression of the e n 
term in (|T4]) is not compensated, and give CP asymmetries of at most a few percent 
2~3, E7J. However, as was pointed out recently [O-jnj, rescattering effects of the 



kind B + — > {n Q K + } — > tt + K° may lead to CP asymmetries as large as 0(10%), and 
represent an important limitation of the theoretical accuracy of the "original" bounds 
on 7 arising from the — > ir K and Bd — > tt t K ± decays that were proposed in |J. 
Let us have a closer look at these final-state interaction effects, which are closely related 
to penguin topologies, in the following section. 



3 Isospin Relations and the Connection Between 
Rescattering Processes and Penguin Topologies 

As we have already noted, the decays B + — > tt + K°, B d — > ir~K + and their charge 
conjugates provide a fertile ground to probe the CKM angle 7 fIJ-0] ■ In this context, 
one makes use of the SU(2) isospin symmetry of strong interactions, which appears - in 
contrast to the SU(3) flavour symmetry - to be a very good and safe working assumption. 
It allows us to relate the QCD penguin amplitudes contributing to B + — > n + K° and 
B d — > it~K + to each other, yielding the following relations: 

A(B + -> n + K°) = P (19) 

A(B° d ^ir-K+) = -[T + P + P cw ], (20) 

where the B + — > tt + K° decay amplitude defines the b — > s "penguin" amplitude P, the 
quantity P cw = c u V^^ — qPew° i s ^ ue ^° "colour-suppressed" electroweak penguins, 
and the generalized "colour- allowed" b — > uus "tree" amplitude takes the form 

T = e^e i5T \T\, (21) 

where 5t is a CP-conserving strong phase. In order to express (0) and (0) as in (pl|) 
and (|20|) with the help of the SU(2) isospin symmetry, special care has to be taken. In 
particular, the "tree" amplitude T has to be defined in a proper way. The point is that 
an application of the isospin symmetry requires that we replace all u and d quarks in the 
B + — > n + K° decay processes by d and u quarks, respectively, in order to relate them to 
those of the transition B\ — > -n^K^ . While such a replacement is straightforward in the 
case of 

Vf = ^ [dGu) (K + n-\Q^)\B° d ) P + CM (K+n-\Q^)\B° d ) P \ = P^ (22) 

VP = -%E a(A*) (K + 7c-\Q^)\B° d ) = Pl s \ (23) 
V 2 i=3 
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at first sight a problem shows up in the case of 



u V2 



CM (K+n-\Q u M\B° d ) P + CM (K + n-\Q u M\B° d ) P 



(24) 



since isospin symmetry implies the relation 



F« = ^= [CM (K\ + \Q u M\B + )? + CM (K°n+\Q U M\B + ) P 



V2 



CM (K+n-\Q d M\B° d ) P + CM (K + n~\QM\B° d ) P 



(25) 



Here Qf 2 can be obtained easily from @ by substituting u through d quarks. Conse- 
quently, isospin does not imply that is equal to V$. The difference between these 
amplitudes can, however, be absorbed in the proper definition of the T amplitude in 
(p0|). It has to be defined as 



T = — — A (s) 
" V2 u 



CM(K + n-\QM)\B° d )T + CM(K + K-\Q u M)\B Q d h 
+ {CM(K + n-\QM\B° d } P + CM(K + 7r-\Q u M\B° d ) P 
- CM(K + n-\Q d M\B° d ) - CM)(K + 7r-\QM\B° d )} 



(26) 



and 



to arrive at 

Equations (p2[) , (p3|) and (|25|) are completely general and rely only on the isospin de- 
composition of the B + — > 7i + K° and B d — > 7r _ i^ + decay amplitudes, which is performed 
explicitly by using the Wigner-Eckart theorem in the appendix. The second term in 
(p6|), which is required by this isospin decomposition, shows that T is not only given 
by hadronic matrix elements with insertions of the Qf 2 current-current operators into 
tree-diagram-like topologies, as naively expected. The Qf 2 operators contribute both 
through insertions into penguin topologies and through annihilation processes. The lat- 
ter correspond to the annihilation amplitude Aw appearing in ([!]). Consequently, the 
term in curly brackets in ( p6j) consists both of the difference of contributions from pen- 
guin topologies with internal up and down quarks, which is shown in Fig. and of 
contributions from annihilation topologies. 

In order to address the question of rescattering effects in B — > izK decays, let us first 
return to the expressions given in ([TJD and ([TJ) . These formulae are completely general. 
In several previous analyses of penguin-induced B decays, it was, however, assumed 
that penguin processes are dominated by internal top quark exchanges, corresponding to 
/\p(i) = 0. An important implication of this special case would be that the P^ penguin 
amplitude is proportional to the phase factor e~ l/3 , i.e. exhibits a very simple phase 
structure. As was pointed out in [|T^], this feature is spoiled by penguin contributions with 
internal up and charm quarks, leading to sizeable values of AP( d \ Since the e n factor 
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Figure 2: Penguin topologies contributing to the amplitude T. 



in (|14D is highly CKM-suppressed by X 2 Rb = (9(0.02), there is to a good approximation 
no non-trivial CP-violating phase present in the b — *> s penguin amplitude, provided the 
relation |1 — AP^\ ^> X 2 Rb is fulfilled. Model calculations performed at the perturbative 
quark-level to estimate the penguin amplitudes P^ (q E {u,c,t}) indicate that this 
requirement is indeed satisfied, i.e. that the very large CKM suppression of the CP- 
violating phase factor in ([TJP is not compensated, and that there is direct CP violation 
in — > -k^K of at most a few percent [p5 , 



The QCD penguin amplitudes P^ d ^ receive, however, also long-distance contributions 
from rescattering processes, which can be divided into two categories and are not included 
in these simple model calculations. Let us discuss these effects by focusing on the channel 
B + — > 7T + K°. In the first class of rescattering processes, we have to deal with decays 
such as B + — > D°D+, which are caused by the Q\ 2 current-current operators through 
insertions into tree-diagram-like topologies, and may rescatter into the final state n + K°, 
i.e. we have 

B + -> {F^} -> ti+K\ (27) 

where F c (s) 6 {D°D+, D D* + , D*°D* + , . . .}. Here the dots include also intermediate 
multibody states. These final-state interaction effects are related to penguin topologies 
with internal charm quark exchanges, as can be seen in Fig. |||, and are included in (|14]) 
as long-distance contributions to the P^ amplitude. They are expected to contribute 



significanlty to the magnitude of the b — > s QCD penguin amplitude |T8|, |20 . 

In the second class of rescattering processes, channels of the kind B + — > tt°K + , which 
receive Q± 2 current-current operator contributions with insertions into tree-diagram-like 
topologies, rescatter into tt + K°, i.e. 

B + - {F^} - n+K°, (28) 

where G {k®K + , tt°K* + , p°K*+, . . .}. As can be seen in Fig. |], these final-state 
interaction effects are related to penguin topologies with internal up quarks and ap- 
pear in ( |14|) as long-distance contributions to the Pjf^ amplitude. Moreover, we also 



8 



r 




« — 

1 
1 




b (w) c 


d 






n 


U 

(a) 


— > 






Figure 3: Illustration of a rescattering processes of the kind B + — > {D°D+} — > 7r + /^° (a), 
which is contained in penguin topologies with internal charm quarks (b). Q\ 2 denotes 
an operator insertion. 



get contributions from the rescattering processes (^) to the amplitude through an- 
nihilation topologies. Usually it is assumed that annihilation processes are suppressed 
relative to tree-diagram-like processes by a factor of Jb/^b- However, this feature may 
no longer hold in the presence of rescattering effects [PL2], |28| , so that annihilation topolo- 
gies may play a more important role than naively expected. Model calculations PHI 
based on Regge phenomenology typically give an enhancement of the ratio |A^|/|T^| 
from fB/ m B ~ 0.04 to 0(0.2). Rescattering processes of this kind can be probed, e.g. 
by the A5' = decay B d — > K + K~. A future stringent bound on BR(P d — > K + K~) at 
the level of 10 -7 or lower may provide a useful limit on these rescattering effects ||. The 
present upper bound obtained by the CLEO collaboration is 4.3 x 10~ 6 ||. In order to 
take into account annihilation processes in the B + — > tt + K° decay amplitude, we simply 
have to perform the replacement Pff' — > Pjf^ + in (|TT|), yielding 

p(«) _ p(s) _ 

AP^ = ^ 1- , (29) 

where i (s) is defined by A^ = V us V^ b A^. 

The quantity AP^ would not be close to 1 if rescattering processes of the type (f27|) 
played the dominant role in B + — > tt + K°, or if both (^) and (^) were similarly im- 
portant. In the former case, APM would carry a sizeable CP-conserving strong phase, 
whereas there would be a cancellation in ( ^9|) in the latter case, leading to |AP( S )| <C 1. 
On the other hand, AP* 5 ) may be close to 1, if the final-state interactions arising from 
([28l) would dominate B + — > tt + K°. In a recent attempt to calculate final-state interac- 
tion effects of the kind B + — > {tt°K + } — > tt + K° with the help of Regge phenomenology 
|13fl, it is found that such rescattering processes may in fact play a dominant role, i.e. 
YPuc\/\Ptc\ = 0(5), thereby leading to values of |1 — AP^I as small as 0(0.2). An impor- 
tant phenomenological implication of these rescattering effects would be CP violation in 
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Figure 4: Illustration of a rescattering processes of the kind B + — > {tt°K + } — > -k + K° 
(a), which is contained in penguin topologies with internal up quarks (b). Q\ 2 denotes 
an operator insertion. 



B + — > 7i + K° as large as 0(10%). Similar features are also found in a different approach 
to deal with final-state interactions in B —>■ ttK decays [ fTX] , p^ . 

Although the "factorization" hypothesis |2{| is in general questionable, it may work 
reasonably well for the colour- allowed amplitude [|31J . Since the intrinsic "strength" 
of decays such as B + — > 7r°i^ + , representing the "first step" of the rescattering processes 
(E8l), is given by T^ s \ we may derive a "plausible" upper bound X 2 R b /\l-AP^\ £ 0.15, 
where the recent CLEO data on the combined B^ — > tc^K branching ratio ||, and the 
BSW form factors |JT|] have been used to evaluate within "factorization" (see flip]]). 
Note that the ratio X 2 R b /\l - AP^\ is typically one order of magnitude smaller, if 
rescattering processes do not play the dominant role in B + n + K°. 



In the following discussion we will not comment further on quantitative estimates 
of rescattering effects. A reliable theoretical treatment is very difficult and requires 
knowledge of the dynamics of strong interactions that is unfortunately not available 
at present. We rather advocate to use additional experimental information to obtain 
insights into final-state interactions. Before turning to such strategies in Section [|, 
let us first point out an interesting feature of the rescattering processes. The ratio 
R of the combined B — > ttK branching ratios introduced in ([3]) does not only imply 
constraints on the CKM angle 7, but also on the magnitude of the "tree" amplitude 
T. Since the present central value R = 0.65 obtained by the CLEO collaboration || 
is significanlty smaller than 1, these constraints are at the edge of compatibility with 
"factorization" f|], i~5fl . In particular, larger values of \T\ are favoured by the CLEO data. 
However, as we have seen in (|26|), the properly defined amplitude T is not just a "colour- 
allowed tree amplitude" as T^ s \ but actually receives also contributions from penguin 
and annihilation topologies. Consequently, if the rescattering effects characterized by 
(|8|) and related to such topologies play in fact an important role, the value of |T| could 
in principle be shifted significantly from its "factorized" value. In particular, the small 



10 



central value of R = 0.65 may indicate already that |T| is enhanced considerably by final- 
state interactions, and it may well be possible that future measurements will stabilize 



around this naively small value [15]. 

The bounds on 7 derived in are constructed in such a way that they do not depend 
on |T|. Generalized bounds, making not only use of the ratio R of the combined B — > ttK 
branching ratios, but also of the "pseudo-asymmetry" A , which is defined by 



An 



BR(B° d -> 71-K+) - BR(B° d -> tt+K') 
BR(B+ -f ir+K°) + BR(B- ->• n-K°) 



(30) 



were derived in [|T^]. They are due to the fact that the amplitude relations fli"9"D and ( p0|) 
imply the following minimal value of R: 



R Vl 



k sin 7 + 



Ac 



k \ 2 sin 7 



(31) 



where rescattering and electroweak penguin effects are included through the parameter 
k, which is given by 

k = —= [l + 2(ew)cosA + (ew) 2 l (32) 



with 



(/' \/ 1 + 2 p cos 9 cos 7 + p 2 . (33) 

Note that no approximations were made in order to derive (|3~lD. The quantities p and e 
measure the "strength" of the rescattering and electroweak penguin effects, respectively, 
and can be expressed as 



pe 



w 



X 2 Rb 



1 



X 2 Rb 



l-A 2 /2 Vl- AP( S ) 



A 2 /2 



' p( s ) 4. ' 



Pi 



tf 



and 



where 



pi 2 + ipi 2 



(34) 



(35) 



(36) 



The phase A in fl32| ) is given by the difference of CP-conserving strong phases of the QCD 
and electroweak penguins. Since the values of the CKM angle 7 implying P m i n > P exp , 
where P exp denotes the experimentally determined value of R, are excluded, we obtain an 
allowed range for 7. For values of R as small as 0.65, which is the central value of present 
CLEO data 0, a large region around 7 = 90° is excluded. As soon as a non- vanishing 
experimental result for A has been established, also an interval around 7 = 0° and 180° 
can be ruled out, while the impact on the excluded region around 90° is rather small [HJ . 
The "original" bounds derived in correspond to p = e = and were obtained without 
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using information provided by the "pseudo-asymmetry" Aq, i.e. R^ m = sin 2 7. The 
impact of rescattering and electroweak penguin effects on the constraints on 7 implied 



by (|3lD was analysed in great detail in [15|, [16fl . As was pointed out in these papers, 
additional experimental data on the decay B + — > K + K° and its charge conjugate allows 
us to take into account rescattering effects in these bounds completely. Let us have a 
closer look at another strategy to accomplish this task in the following section. 



4 Penguin Hunting with B u ^ — > KK and 
B ± — >■ 7r ± K Decays 

The penguin-induced b — > d mode B d — ■> K°K°, which is governed by a decay amplitude 
as the one given in (|T5|), was proposed frequently in the literature as a probe for new 
physics. This mode would indeed provide a striking signal of physics beyond the Standard 
Model, if QCD penguin processes were dominated by internal top quarks. In that case, 
the weak decay and B®-B® mixing phases would cancel, implying vanishing CP violation 
in Bd — > K°K° (for a detailed discussion, see Jl9|). As we have seen in the previous 
section, this feature is, however, spoiled by penguin topologies with internal up and 
charm quark exchanges, i.e. by the AP" term ||32j| . Interestingly, the CP- violating 
asymmetries induced by these contributions allow a determination of the CKM angle a 
that does not suffer from penguin uncertainties, if one relates B d — > K°K° and Bd — > 
7r + 7r~ to each other with the help of the SU(3) flavour symmetry of strong interactions 
3"Bfl . We shall briefly come back to the issue of new-physics effects in Bd — > K°K° in 



Section [|. 

In the present section, we point out that B d — > K°K° and its spectator-quark isospin 
partner B ± —>■ K ± K play an important role to obtain insights into the dynamics of 
penguin and rescattering processes. As in the case of the B — ► -kK decays discussed 
above, the observables that will be available first are probably the combined branching 
ratios 

BR{B d -> K°W) = - [BR(B° d -> K°K°) + BR(5° -> K°W)] (37) 
BR(5 ± -> K ± K) = i [BR(5 + -> iT+KO) + BR( J B" -> _ft' _ _ft' )J . (38) 

At present, only the bounds BR(B d -> iT ^) < 1.7 x and BR(5 ± -»■ K^K) < 
2.1 x 10 -5 are available from the CLEO collaboration, while the combined 5 ± — > ^.fT 
branching ratio 

BR(5 ± -> 7T ± iT) = - [BR(fi + -> TT + AT ) + BR(fi" -> tt^^o) 

= (2.3lJ;J ± 0.3 ± 0.2) x 10" 5 (39) 
has already been measured M. 
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In order to obtain insights into the dynamics of penguin and final-state interaction 
processes, the ratio 



H = Rsu(3) 



1 - A 2 \ BR(B ± -»• K±K) 
A 2 ) BR(P± -»• vriX) 

2P 4 |AP| cos5 A p cos/3+ |AP| 2 



l + 2A 2 P fe cos7 + A 4 ^-2|AP| cos<5 AP (l + A 2 P fe cos7) + |AP| 



(40) 



plays a key role. Here we have used the SU(3) flavour symmetry of strong interactions 
to relate P (d) to P (s) : 

APW = AP (d) = | AP| e iSAP , (41) 
and P fe = P 6 /(l - A 2 /2). The quantity 



R 



SU(3) 



M 2 B -Ml P^(M|;0+) 



Ml -Ml F BK (Ml;0+) 



(42) 



describes factorizable SU(3) breaking, where Pe 7r (M^;0 + ) and F BK (Ml;0 + ) are form 
factors parametrizing the hadronic quark-current matrix elements (7r|(&d)v-A|-S) an d 
(K\(jbs)v-A\B) i respectively Using, for example, the model of Bauer, Stech and Wirbel 
PHI , we have Rsu(3) — 0(0.7). At present, there is unfortunately no reliable approach 
available to deal with non-factorizable SU(3) breaking. Since already the factorizable 
corrections are significant, we expect that non-factorizable SU{3) breaking may also lead 
to sizeable effects. 

Let us assume for the moment that H is found experimentally to be different from 1. 
Introducing then the quantity 



h 



H — R t cos (3 



l-H 



(43) 



and keeping the strong phase 6ap in (f|0]) as an unknown, free parameter, we arrive at 
the following range for |AP|: 



h 



\ 



h 2 + 



H — 

l-H 



< I API < h + 



h 2 + 



'h-rT 

l-H 



(44) 



where terms of 0(\ 2 Rb cos 7) have been neglected. This range shrinks to 



API 



< H - R\ 
1 - H 



(45) 



for h — 0, corresponding to cos/3 = H/R t . In the special case H — 1, which has been 
excluded in the formulae given above, we have on the other hand 



API > 



1 



- Rt 

R t cos (3 



(46) 
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In order to constrain |AP| following this approach, both the CKM angle (3, which 
is measured in a clean way through mixing-induced CP violation in Bd — > J/ip R$, and 
the parameter R t , fixing one side of the unitarity triangle, have to be known. The most 
promising ways to determine R t are the ratio of the P°-P° and B®-B® mixings, and the 



decay K + — > ti + vV |p4 |. We are optimistic that knowledge on these quantities will be 
available by the time the combined branching ratio BR(P ± — ► R ± R) will be measured, 
and look forward to experimental data to see how powerful the bounds on |AP| derived 
above are realized. In Ref. ||13|| , a different strategy to constrain rescattering effects 
through the ratio H has been proposed. 

Let us next have a closer look at the direct CP-violating asymmetries arising in the 
decays B ± — > K^K and B^ — > tt^R, which are defined by 

a CP (B+ K+W) = BR(B + K+W) - BR(B- K-fC) 

V ; BR(P+ -> R+R°) + BR(B~ -> R-R°) V ; 

V 7 BR(P+ tt+^°) + BR(B- -> tt-^°) V ; 

Using ( |14"D and ("p~5|) , as well as the SU(3) flavour symmetry as in ([44]), it is a straight- 
forward exercise to derive the relation 

a CP (B+^n + R°) 2 BR(P* -> R ± R) (1 - A 2 /2) P fe sin 7 

acP (S+ -»■ if+if ) 5C/(3) BR(P± -> 7r±ir) P t sin/3 ' 1 J 

Since the unitarity of the CKM matrix implies 

(1 - A 2 /2) R b sin 7 = R t sin /3 , (50) 

where a discussion of the (1 — A 2 /2) factor can be found in [|35|| , we arrive at the simple 
rGlctt ion 

q C p(P + -> vr+if ) _ p2 BR(P* -> if *X) 
a CP (P+ - ^+i^) " Sf/(3) BR(P± - 7r±iT) ' 

which is quite remarkable and is nicely satisfied by the results given in 



As soon as either acp(P + — > vr+if ) or acp(P + — ► R + R°) can be measured, we 
will be in a position not just to constrain, but to determine |AP| and 5ap from H and 
these asymmetries, if f3 and Rt are again used as an additional input. Moreover, it is 
possible to determine Rsu(3) with the help of relation (|5l|), providing interesting insights 



into £77(3) breaking. Using (|31|)-(|34]), it is even possible to include the rescattering 
effects completely in the generalized bounds on the CKM angle 7 that are implied by the 
minimal value of R given in ([IT]). Interestingly, the final-state interaction effects may 
lead to a significant enhancement of the combined B ± — > R ± R branching ratio from 
the "short-distance" value of 0(1CU 6 ) to the 10 -5 level, so that it should be possible to 
measure this mode at future P-factories, if rescattering effects are in fact large fl5| , |T6| . 

A similar comment applies to the decay P^ — > R°R°. If it was possible to measure 
the direct and mixing-induced CP asymmetries arising in this channel, also interesting 
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experimental insights into the dynamics of penguin processes could be obtained. These 
CP- violating observables require, however, a time-dependent measurement, and can be 



obtained from the time-dependent CP asymmetry [32] 



a C p(B d ^K K°;t) 
>{B d 



— n . _ BR(B°(t) -> K°K°) - BR(B°(t) - K«K») 



BR(P°(t) -> + BR(P°(t) -> AW) 

p;°i?°) cos(AM d t) +^ x - ind (5 d -> P°i?o) sin(AM d t), 



where 



A% P (B d - P°p;o) 



^ K o K o 



1 + 



2 • 



A 



mix— ind 
CP 



(B d - K°K°) 



21m£ (d) — 



1 + 



>K°K° 



with 



Jd)_ 



-i2/3 



p(d) 



Using the penguin amplitude fll5|), we obtain 



A^-' md (B d -> K U K°) 



-2|APW| 



^[AP^I sin4p sin/3 

/3+ |APW| 2 



cos. 



P t 2 -2P t |APM| cos4p 

R t cos 5^ - |APW| cos/3 



sin /? 



P 2 - 2 P t |APW| cos 5$, cos/3 + [APW 



(52) 

(53) 

(54) 

(55) 
(56) 



If we look at expressions Q55D and (0), we observe that these observables depend on the 
three variables \ AP^\/ R t , 5^ P and (3. Interestingly, the quantity [AP^I parametrizing 
penguin topologies with internal up and charm quarks enters in combination with P t . 
Since (3 can be measured through B d — > J/ipKs, the former two "unknowns" can be 
determined from A$ P (B d -> K°K°) and A^- [nd (B d -> K°K°). Note that we do not 
have to use any flavour symmetries to accomplish this task. 

In contrast to B + — > K + K°, the decay P° — > K°K° does not receive an annihi- 
lation amplitude corresponding to A^ s \ but contributions from "penguin annihilation" 
topologies. Comparing Aop{B d — > K°K°) with acp{B + — > K + K°), we have a probe for 
the importance of these contributions. Another important role in this respect is played 
by the decay B^ — > K + K~ , as we have already noted. If the A^ amplitude and the 
"penguin annihilation" contributions turn out to be small, a comparison of the values 
for |AP( d )| and <5^p obtained this way with those from the SU(3) approach discussed 
above, using H and direct CP violation in B — > K ± K or B^ — > 7r ± P^, we have an 
experimental probe for SU(3) breaking. On the other hand, using in addition to the 
direct and mixing-induced CP asymmetries again the SU(3) flavour symmetry and the 
observable H specified in (40), we have two options: 



i) if we use P t as an input, (3 can be extracted simultaneously with |AP| and S^p', 
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ii) if we use (3 as an input, R t can be extracted simultaneously with |AP| and Sap- 

Following the strategies proposed in this section, it should be possible to obtain interest- 
ing insights into the dynamics of rescattering and penguin processes, and in particular 
to take them into account in the generalized bounds on the CKM angle 7, which are 
implied by -R m i n given in ([H]). Other strategies to accomplish this task have recently 
been proposed in |T3|, [HJ, where also the uncertainties related to electroweak penguins 
P, [L2| and their control through experimental data are discussed. 



5 A Brief Look at New Physics 

Let us assume in this section that B^-B® mixing receives significant contributions from 
physics beyond the Standard Model, so that the B d -B d mixing phase is no longer given 
by 2(3, but by a general phase (for the notation, see for instance |36| ) 



2/5 + 2d • (57) 



Since it is unlikely that the B d — > J/ipKs decay amplitude is affected sizeably by new- 
physics contributions |J7|, [SB], this mode allows us to determine (fi^ from its mixing- 



induced CP asymmetry as in the case of the Standard Model analysis. 

If Bd — > K°K° is still governed by the Standard Model diagrams, its mixing-induced 
CP asymmetry (|56|) is modified as 



A^- ind (B d -> K°K°) = (58) 
Rl sin 20 W w -2Rt \APW | cos 4p sin (j3 + 20^ w ) + | AP& | 2 sin (2(3 + 2<; 



R 2 t -2R t |AP(«0| cos^p cos (3 + |AP( rf )| 2 



while the form of the direct CP asymmetry is still given by (pq) . Note that the "true" 
value of R t enters in (0). Although there are some models for new physics with a sig- 
nificant contribution to both B®-B% and B®-B® mixings, where their ratio still gives the 
"true" value of Rt, this need not be the case in general. In PDA, a "model-independent" 



construction of the unitarity triangle was proposed, which holds for rather general sce- 
narios of physics beyond the Standard Model. The key assumption is that new physics 
contributes significantly only to B®-B® mixing, as has also been done in this section. In 
particular, and the "true" values of R t and (3 can be determined this way. 

An important feature of (BSD is that the new-physics phase ^ does not enter in the 



combination (3 + proportional to 0^ , since (3 shows up also in the decay amplitude 
(f5|). If B — > 7r ± i^ is also governed by the Standard Model contributions - large CP 
violation in this mode, i.e. much larger than 0(10%), would indicate that this assump- 
tion does not hold - the expression (^0]) for the observable H remains unchanged as well. 
Consequently, using the SU(3) flavour symmetry, (fy$ and the "true" value of R t (deter- 
mined as sketched above) as input parameters, the observables H, Acp~ md (B d — > K°K°) 
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and direct CP violation in either B u ^ — > KK or — > 7r i£" allow the simultaneous de- 
termination of | AP\, Sap, P and Comparing the values of j3 and obtained this 



way with those from the "model- independent" approach [39], we may find indications 



for new physics if a significant disagreement should show up. If the experimental probes 
for the annihilation amplitude and the "penguin annihilation" topologies discussed 
in the previous section show that these contributions play in fact a minor role, the most 
plausible interpretation of such a disagreement would be a new-physics contribution to 
the "penguin-induced" B d — ► K°K° decay amplitude, although it could in principle also 
originate from new-physics effects in the "tree-dominated" decay B d — > J/ipK^. An 
unambiguous indication for the latter scenario would e.g. be sizeable direct CP violation 
in B d -> J/^K S . 



6 Conclusions 

In summary, we have performed an analysis of B — > ttK decays in the presence of rescat- 
tering processes. We may distinguish between two kinds of such final-state interaction 
effects. The first one is related to rescattering processes of the kind B + — > {D°Df} — > 
7T + K° and can be considered as a long-distance contribution to penguin topologies with 
internal charm quarks. Such topologies may affect the branching ratios for the decays 
B^ 1 — ► ir K and B d — > n^K considerably. On the other hand, the second class, which 
is due to rescattering effects of the kind B + — ► {tt°K + } — > tt + K°, is related to penguin 
topologies with internal up quark exchanges and to annihilation processes, and does not 
affect the branching ratios significantly. However, it may lead to a sizeable CP-violating 
weak phase in the B + — > tt + K° decay amplitude, and could thereby induce CP asym- 
metries at the level of 10% [Hj— 1|14]| . The corresponding rescattering effects represent 



an important limitation of the theoretical accuracy of the "naive" bounds on the CKM 
angle 7 derived in 0. 

Moreover, we have derived isospin relations among the B + — > tt + K° and B® — > it~K + 
decay amplitudes by defining "tree" and "penguin" amplitudes in a proper way. These 
relations play a key role to probe 7 and allow the derivation of generalized bounds on this 
CKM angle. Due to a subtlety in implementing the SU(2) isospin symmetry of strong in- 
teractions, the "tree" amplitude defined this way receives not only colour-allowed "tree" 
contributions, but also contributions from penguin and annihilation topologies, and may 
therefore be shifted significantly from its "factorized" value. Interestingly, the small 
present central value R = 0.65, which has recently been measured by the CLEO collab- 
oration, may already indicate that this is actually the case. 

Instead of performing another attempt to "calculate" rescattering effects - a realis- 
tic theoretical treatment is unfortunately out of reach at present - we advocate to use 
experimental data to obtain insights into this phenomenon. In this respect, the decays 
B^ — > K ± K and B n^K are of particular interest. Using the SU(3) flavour symme- 
try, j3 and R t as an input, the combined branching ratios for these modes imply a range 
for |AP|. Measuring moreover direct CP violation in these decays - the corresponding 
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CP asymmetries can interestingly be related to the combined branching ratios with the 
help of the SU(3) flavour symmetry - both |AP| and S^p can be determined. Follow- 
ing these lines, the rescattering processes can be taken into account completely in the 
generalized bounds on 7 derived in |TJ|. A different strategy using the B^ 1 — > K ± K and 
B^ — f tx^K observables to accomplish this goal was proposed in [pl| [16[ . 

In order to obtain experimental insights into penguin processes, the decay B^ — ► 
K°K°, which exhibits in contrast to the other decays considered in this paper mixing- 
induced CP violation, plays also an important role. Combining the mixing-induced and 
direct CP-violating observables of this mode with each other, the knowledge of (3 allows 
the determination of \AP^\/ R t and 5^p without using any flavour symmetry arguments. 
Moreover, the importance of annihilation and penguin annihilation topologies can be 
probed this way. If these contributions should turn out to be of minor importance, 
Bd — > K°K° may not only shed light on the dynamics of penguin decays, but also on 
new-physics contributions to the B d — > K°K° decay amplitude. 
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Appendix: Isospin Decomposition 



This appendix is devoted to the explicit derivation of the isospin decomposition of the 
B + — > 7i + K° and B® — > 7t~K + decay amplitudes. Let us to this end write the low energy 
effective Hamiltonian (W) as 



where 



with 



n 



eff 



V2 



CMQl + CMQ" = H° u + H l u 



Hp = 



i=3 



Hi 



CM (cr + q() + cm (Q u 2 + Qt 

C x {n) (Ql - Q() + C 2 (fi) (Q u 2 -Q d 2 



(59) 

(60) 
(61) 

(62) 

(63) 
(64) 



While H c and Hp correspond to \I, I3) = 1 , 0) isospin configurations, in the case of H u 
both |0, 0) and |1, 0) pieces are present, which are described by H® and H*, respectively. 
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As is well-known, the B + and B^ mesons form an isospin doublet, i.e. 





1 !\ 















1 1' 

T 2/ 5 



whereas the isospin decomposition of the ir + K°, n K + final states is given by 



7T-K+) = 



2' + 27 + V3 



3 1 
2'~2 



1 1 

2' + 2 



i r 

2'~2/' 



and contains both I = 1/2 and 1 = 3/2 components. 
Taking into account that 



|1, o> 



|1, o> 



1 1 

2' + 2 



1 1 

2'~2 



3 1 
2' + 2 

3 1 
2'~2 



1 1 

2' + 2 



1 1 

2'~2 



and using moreover the Wigner-Eckart theorem, we arrive at 



K+ 



7Y 



B+) = V2 
V2 



B° d 



-(M 1 ' -M^ + ^M 
2 y u uj 1 y 3 

2 \ ±v± u iv± uj w 2 u 



where 



u \2' 2 



2' 2 



W- 

2' 2 



1/2X2' 2 



W- 

2' 2 



are "reduced" matrix elements, which carry CP-conserving strong phases in our 
ism. Since H c and Hp correspond to isospin singlet configurations, we have 



B+\ = J±M% 



K + TT- 



B° d 



K + 7T- 



- 3 M - 
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where the reduced matrix elements are defined in analogy to (|72|) . 
Combining all these equations, we arrive at 



A(B' 



7T 



n 



off 



B" 




= P {s) (75) 



A{B\ 



7T~ K 



K + 7T- 



Ti 



cff 



B 



— Gt- 



^ \l {Ml - Ml') + ^jA + A« ^/|m c ° + A« ^|m° 



(76) 



Comparing ([75|) with ([|), it is easy to read off the isospin decompositions of P^ s \ P^ 
and Pf S \ while has to be defined by 



T W = A M G F - (Mi - M*' 



(77) 



in order to get the isospin relations (|T9|) and (p0|), which are at the basis of the bounds 



on 7 derived in ||15|| . This discussion shows nicely that these relations can be derived by 
using only isospin arguments, i.e. even without using the terminology of "penguin" and 
"tree" contributions as is usually done by CP practitioners. 

Let us finally note that (|TT|)-([T3|) and (|26"D , which are expressed in terms of hadronic 
matrix elements of four-quark operators, can be obtained easily from (|75|)-(|T7|) by taking 
into account that (|70|) and (|7l"l) yield 







B + 


) + (k+ti- 




B° d 




Hu 


B + 


) - (K+ij- 


H u 


B° d 



V2(Ml'-Ml) 



(78) 
(79) 



and using moreover (|6 



1. 



References 

[1] R. Fleischer, Phys. Lett. B365 (1996) 399. 

[2] R. Fleischer and T. Mannel, Phys. Rev. D57 (1998) 2752. 

[3] M. Gronau and J.L. Rosner, preprint CALT-68-2142 (1997) |[hep-ph/9711246 



[4] L.L. Chau and W.-Y. Keung, Phys. Rev. Lett. 53 (1984) 1802; C. Jarlskog and 
R. Stora, Phys. Lett. B208 (1988) 268. 



20 



[5] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531; M. Kobayashi and T. Maskawa, Progr. 
Theor. Phys. 49 (1973) 652. 



[6] 
[7] 
[8 
[9 

[10 
[11 

[12 
[13 
[14 
[15 

[16 
[17 



[18 
[19 
[20 

[21 
[22 



F. Wiirthwein and P. Gaidarev, preprint CALT-68-2153 (1997) |[hep-ph/971253T 

The BaBar Physics Book, preprint SLAC-R-504, in preparation. 

CLEO Collaboration (R. Godang et ai), Phys. Rev. Lett. 80 (1998) 3456. 

A.J. Buras and R. Fleischer, University of Karlsruhe preprint TTP97-15 (1997) 
||hcp-ph /9704376j 1 , to appear in Heavy Flavours II, Eds. A.J. Buras and M. Lindner 
(World Scientific, Singapore, 1997). 

Y. Grossman, Y. Nir, S. Plaszczynski and M. Schune, Nucl. Phys. B511 (1998) 69. 

J.-M. Gerard and J. Weyers, Universite catholique de Louvain preprint UCL-IPT- 
97-18 (1997) ||hep-ph/9711469] . 

M. Neubert, preprint CERN-TH/97-342 (1997) |hep-ph/9712"224f . 

A.F. Falk, A.L. Kagan, Y. Nir and A.A. Petrov, Phys. Rev. D57 (1998) 4290. 

D. Atwood and A. Soni (1997) ||liep-ph/9712287| . 

R. Fleischer, preprint CERN-TH/98-60 (1998) |[hep-ph/9802l33l , to appear in the 
European Physical Journal C. 



R. Fleischer, preprint CERN-TH/98-128 (1998) ||hep-ph/9804"3T9 



L. Wolfenstein, Phys. Rev. D52 (1995) 537; J. Donoghue, E. Golowich, A. Petrov 
and J. Soares, Phys. Rev. Lett. 77 (1996) 2178; B. Blok and I. Halperin, Phys. 
Lett. B385 (1996) 324; B. Blok, M. Gronau and J.L. Rosner, Phys. Rev. Lett. 78 
(1997) 3999. 

A.J. Buras and R. Fleischer, Phys. Lett. B341 (1995) 379. 
R. Fleischer, Int. J. Mod. Phys. A12 (1997) 2459. 

M. Ciuchini, E. Franco, G. Martinelli and L. Silvestrini, Nucl. Phys. B501 (1997) 
271; M. Ciuchini, R. Contino, E. Franco, G. Martinelli and L. Silvestrini, Nucl. 
Phys. B512 (1998) 3. 

A. Lenz, U. Nierste and G. Ostermaier, Phys. Rev. D56 (1997) 7228. 

A.J. Buras, M. Jamin, M.E. Lautenbacher and P.H. Weisz, Nucl. Phys. B370 (1992) 
69. 



[23] T. Inami and C.S. Lim, Progr. Theor. Phys. 65 (1981) 297. 



21 



[24] R. Fleischer, Diploma Thesis, Technical University Munich (1992); Z. Phys. C58 
(1993) 483. 

[25] J.-M. Gerard and W.-S. Hou, Phys. Rev. D43 (1991) 2909; Phys. Lett. B253 (1991) 
478. 

[26] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945. 

[27] For model calculations, see for instance R. Fleischer, PhD Thesis, Technical Uni- 
versity Munich (1995); Z. Phys. C62 (1994) 81; G. Kramer, W.F. Palmer and 
H. Simma, Z. Phys. C66 (1995) 429. 

[28] See the articles by B. Blok et al. in g7J. 

[29] J. Schwinger, Phys. Rev. Lett. 12 (1964) 630; R.P. Feynman, in Symmetries in 
Particle Physics, Ed. A. Zichichi (Acad. Press, New York, 1965); O. Haan and 
B. Stech, Nucl. Phys. B22 (1970) 448; D. Fakirov and B. Stech, Nucl. Phys. B133 
(1978) 315; L.L. Chau, Phys. Rep. B95 (1983) 1. 

[30] J.D. Bjorken, Nucl. Phys. B (Proc. Suppl.) 11 (1989) 325; SLAC-PUB-5389 (1990), 
published in the proceedings of the SLAC Summer Institute 1990, p. 167. 

[31] M. Bauer, B. Stech and M. Wirbel, Z. Phys. C34 (1987) 103. 

[32] R. Fleischer, Phys. Lett. B341 (1994) 205. 

[33] A.J. Buras and R. Fleischer, Phys. Lett. B360 (1995) 138. 



[34] A.J. Buras, Technical University Munich preprint TUM-HEP-299-97 (1997) |iej> 



ph/9711217|] , invited plenary talk given at the 7th International Symposium on 
Heavy Flavor Physics, Santa Barbara, California, 7-11 July 1997, to appear in the 
proceedings. 

[35] A.J. Buras, M.E. Lautenbacher and G. Ostermaier, Phys. Rev. D50 (1994) 3433. 



[36] R. Fleischer, preprint CERN-TH/97-241 (1997) |hep-ph/970929lH , invited plenary 



talk given at the 7th International Symposium on Heavy Flavor Physics, Santa 
Barbara, California, 7-11 July 1997, to appear in the proceedings. 

[37] M. Gronau and D. London, Phys. Rev. D55 (1997) 2845. 

[38] Y. Grossman and M.P Worah, Phys. Lett. B395 (1997) 241. 

[39] Y. Grossman, Y. Nir and M.P. Worah, Phys. Lett. B407 (1997) 307. 



22 



